We show how to take advantage of contemporaneous data from two different instruments in the search for low-frequency modes of oscillation of the Sun. Contemporaneous data allow searches to be made for prominent, sharp concentrations of power which are coincident in frequency. Crucial to determining objective measures of the joint probability of the random occurrence of such features, which are potential candidates for modes, is a good understanding of the characteristics of the background noise. In this paper we show how to make proper allowance, in the calculation of the probability, for noise that is common to data from different instruments. This common noise is solar in origin, and comes from the solar granulation. Its presence makes calculation of the probability a non-trivial problem. We demonstrate application of the technique in searches for low-frequency p modes. The data we searched comprised 3071 d of contemporaneous Sun-as-a-star Doppler velocity observations made by the ground-based Birmingham Solar-Oscillations Network (BiSON), and the GOLF instrument onboard the ESA/NASA SOHO spacecraft.
I N T RO D U C T I O N
A high priority for helioseismology is the detection of global acoustic and buoyancy, or gravity, modes of oscillation at very low frequencies. Observational data have revealed a rich spectrum of acoustic (p) modes. However, independently confirmed detections of core-penetrating, low-degree (low-l) p modes are absent at frequencies below ∼970 μHz (e.g. García et al. 2001; Chaplin et al. 2002) . Observation of the p modes anyway becomes difficult at frequencies below ≈1400 μHz. The frequency of the fundamental radial (l = 0) p mode is predicted to be ≈ 250 μHz. No indisputable detections of gravity (g) modes, which for given l lie at frequencies lower than the p modes, have been made to date (e.g. Appourchaux et al. 2000; Gabriel et al. 2002; Turck-Chièze et al. 2004) .
Detection of the g modes remains something of a Holy Grail. The interior buoyancy waves, which form the g modes, are confined within the radiative interior and core. The high dwell time of the buoyancy waves in the core in principle provides an exquisite probe of the core conditions. But observations of the modes are made at the photospheric level, and the (evanescent) g-mode signatures are attenuated significantly by the time they reach the photosphere. Detection of the g modes is therefore a major observational challenge. E-mail: amb@bison.ph.bham.ac.uk While the low-frequency p modes are not as sensitive to the core conditions as the g modes, detection of the p modes is still a high priority.
The very low-frequency p modes are expected to have extremely long lifetimes. Robust detection would therefore allow measurement of their frequencies to very high accuracy and precision. But, much more importantly, some of the low-l overtones show a mixed character (e.g. see Provost, Berthomieu & Morel 2000) . They have a sensitivity to the internal structure which looks like that of a g mode in the core, giving excellent diagnostic potential, and like that of a p mode at the surface, making detection comparatively easier than for a g mode.
The low-frequency p-and g-mode signals are very weak. This places demands on two crucial parts of the detection problem: first, on the quality of the observations; and secondly, on the analysis procedures used to process the data and flag potential candidate detections. In this paper we deal with an important aspect of the second part of the problem: how to take advantage in the analysis of contemporaneous data collected by two instruments. Use of data from two instruments allows searches for coincidences to be made. In the context of searches for g and p modes, this means occurrences of prominent concentrations of power, which lie significantly above the local noise background, in the same frequency bin (or bins) of the frequency-amplitude spectra of the data sets. If the frequency spectrum of background noise is assumed to vary slowly in frequency,
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and have no sharp features, occurrences of coincident, prominent concentrations of power will serve to provide potential candidate mode detections.
Crucial to determining objective measures of the joint probability of occurrence of such features is a good understanding of the characteristics of the background noise. In this paper we show how to make proper allowance in the calculation of the probability for noise that is common to data from two different instruments. This common noise is solar in origin, and comes from the solar granulation. Its presence makes calculation of the probability a tricky problem, and the derivations by necessity involve some non-trivial mathematics. The presentation of these derivations, and the formalism for calculating the probability, is the most important part of this paper. The derivations and formalism are presented in sufficient detail to allow the reader to use them in their own data analysis. This could be in searches for solar g or p modes; or in other astrophysical scenarios where the problem is similar, that is, where searches for narrow-band features need to make allowance for partially correlated background noise.
One could alternatively combine two data sets in an effort to form an optimal combination for analysis. It is, however, unclear what the optimal method for such a combination of helioseismic data would be. Potentially one could argue that the analysis presented in this paper could guide such a combination.
Here, we wish to keep discussion of other aspects of the solar mode detection problem to a reasonable minimum to allow us to concentrate on presentation of the new formalism. We therefore restrict practical application of the method to searches for low-frequency p modes in the frequency range from ∼500 to ∼1500 μHz, to illustrate use of the method. The data we searched comprised 3071 d of contemporaneous Sun-as-a-star Doppler velocity observations made by the ground-based Birmingham Solar-Oscillations Network (BiSON), and the GOLF instrument onboard the ESA/NASA SOHO spacecraft. Both data sets were prepared for the Phoebus collaboration. Detailed results on the lower frequency range will be the subject of follow-up, Phoebus-related, studies.
The layout of the rest of the paper is as follows. In Section 2 we give the reader the necessary background on the p-mode detection problem at hand, including the basic approach to calculation of the probabilities. Section 3 is the main part of the paper. In this section we give full derivations on how to allow for common background noise in calculation of the final probabilities. In Section 4 we discuss results on application of the method in searches for coincidences in the contemporaneous BiSON and GOLF data. Finally, we give a brief summary of the paper in Section 5.
T H E P RO B L E M : S E A R C H E S F O R L OW-F R E Q U E N C Y p M O D E S

The low-frequency spectrum
The p modes appear most prominently at frequencies of just over 3000 μHz. Here, the resonant peaks of the low-l modes show widths of ∼1 μHz in the frequency spectrum. At successively lower frequencies the observed amplitudes and widths decrease in magnitude. The observed amplitudes decrease because the tops of the acoustic cavities move to greater depths below the photosphere. The p-mode signals are as a result more strongly attenuated by the time they reach the photosphere, making them harder to observe. The widths decrease because the modes are more lightly damped.
The decrease of observed amplitude and width makes detection of modes difficult at frequencies below about 1400 μHz. First, because the observed signal-to-noise ratio (S/N) of mode peaks in the frequency spectrum is small; and secondly, because there will be very few bins in the frequency spectrum that contain signal due to the p modes. Detection is rendered more difficult still by the observed increase towards successively lower frequencies of the background amplitude levels. By background amplitude, we mean amplitude from sources other than the p modes. These sources include solar background noise, from active regions and the various scales of granulation, and instrumental noise. Photon shot noise contributes a flat background over the range in frequency occupied by the p modes (see García et al. 2005 , for a discussion of the behaviour at extremely low frequencies). This combination of background sources gives a smoothly varying total background in the frequency spectrum. The distribution of amplitudes within any one bin is observed to follow a normal distribution (e.g. Appourchaux et al. 2000; García et al. 2001; Chaplin et al. 2002; Gabriel et al. 2002) .
Isolation of candidate p modes involves searches for prominent spikes in the frequency spectrum, whose amplitudes exceed significantly the local mean background amplitude. By 'spike', we mean a prominent amplitude in a single bin of the frequency spectrum. A simple strategy based on searches for occurrences of individual prominent spikes is appealing in that it makes no a priori assumptions regarding the properties of the p modes (aside from the fact they are assumed to be sharp in frequency). Additional tests may nevertheless be formulated, which do make some assumptions on the expected structure (e.g. peak width giving spikes in consecutive bins; or patterns of nearby spikes given by rotational splitting). We discuss the various searches applied to the BiSON and GOLF data in Section 4.2 below. For now, let as assume searches are confined to the simplest test: searches for occurrences of individual prominent spikes.
Probability of observing a prominent spike by chance
Suppose we observe a prominent spike, at an amplitude several times the local mean background amplitude. Since the distribution of background amplitudes is known, it is a trivial matter to find the probability, p, of observing by chance a prominent spike of at least that amplitude in that bin. The probability of observing by chance at least one spike, of amplitude greater than or equal to the observed relative amplitude, over a region of N bins in the frequency spectrum is then
The value of P gives an objective measure of the probability of the spike being part of the broad-band, multicomponent background. This is because the probability is formulated on the assumption that the time-series contains only normally distributed noise. A low value for P flags a spike as being deserving of consideration as a possible candidate p mode. That said, it is important to stress that at no point does this null (H0) hypothesis test give the probability that the spike is a mode. Tests may be formulated that do. The p modes may, for example, be modelled as sine waves, and the probabilities calculated against the assumption the time-series contains normally distributed noise and an embedded sine wave (Gabriel et al. 2002) , that is, the H1 hypothesis.
Crucial to fixing the value of P is the choice for N in equation (1). In what follows we shall assume frequency spectra are searched in slices of N independent bins at a time. The number K of independent N-bin slices that are searched will depend on the range of interest in the frequency spectrum. The total number of bins searched over the entire range of interest is then given by M = KN.
If N is too large, the probability of finding at least one spike by chance within any one slice of N bins will increase. If N is too small the number K of independent slices over the entire region of interest will be large. The probability that at least one N-bin slice will contain at least one prominent noise spike by chance will then also increase. A trade-off must therefore be struck.
Here, we settled on a value for N that was equal to the number of bins in 100 μHz of the 3071-d BiSON and GOLF spectra, that is, N = 26 533 bins. We performed searches in N-bin ranges between 550 and 1550 μHz, implying K = 10.
Use of contemporaneous data from two instruments
The discussion above gave some of the salient points on how to estimate whether or not a prominent spike is likely to be part of the background noise. It did so for searches of one spectrum. What if we have contemporaneous time-series from two different instruments to analyse? The advance we offer in this paper is a formalism for taking advantage of just such a situation, and the extra diagnostic power afforded by searches for coincidences that may then be performed.
We ask the question: if prominent spikes (or patterns of spikes) are uncovered in the same bin (or bins) of two frequency spectra, how does one calculate the joint probability of occurrence? At first glance this looks like a trivial problem. But it is not, because some proportion of the background noise will be correlated in the two (contemporaneous) time-series. This common noise, which is solar in origin, comes from the solar granulation. There will also be other independent sources of noise, as noted above, including some independent solar noise.
In the next section we come to the main part of the paper: how to calculate this joint probability, making allowance for the common noise.
F O R M U L AT I O N O F J O I N T P RO BA B I L I T Y F O R S E A R C H E S I N T W O S P E C T R A
We begin by defining a coefficient α to measure the proportion of noise which is common in two sets of contemporaneous noise data. The coefficient may be related formally to the coherence between the two sets (see equation 21 in Section 3 below). When α = 0 there is no coherent data, but when α = 1 the two sets are identical.
Next, we define x 1 and y 1 as the real and imaginary amplitudes of the first of two contemporaneous noise spectra. These amplitudes may be described by
where a, b, c and d are arrays of normally distributed random numbers. We also define x 2 and y 2 as the real and imaginary amplitudes of the second spectrum. They are given by the equations
Here αa + αb represents the common solar noise, and (1 − α)a and (1 − α)b, in x 1 and x 2 respectively, represent all 'other noise' that is not common to both sets of observations. Similarly αc + αd represents the imaginary common solar noise and (1 − α)c and (1 − α)d, in y 1 and y 2 , respectively, represent all 'other noise' in the imaginary part of the spectrum. It is reasonable to assume that the variance of the real and imaginary parts of each spectrum will be equal. However, any individual noise that is not common to both spectra may have a different variance in the first spectrum compared to that in the second spectrum. Therefore, while the variances of the distributions, a, b, c and d have been taken to be equal (i.e. σ
we have also included a multiplying factor of k to alter the variance of the 'other noise' in x 2 and y 2 . The variance of the 'other noise' in x 2 is therefore k 2 times the variance of the 'other noise' in x 1 . Next, we define p to be the probability that in a given bin the real amplitude x i is greater than some threshold ξ i , and that the imaginary amplitude y i is greater than some threshold χ i . The threshold amplitudes are in practice set to high levels so that prominent spikes whose amplitudes exceed the thresholds may be flagged as being of interest as potential candidate modes. Put more formally: should the amplitudes of a spike exceed ξ i and χ i , the probability of that spike being present by chance will be small (subject, of course, to the assumptions made on the distribution of the noise).
It can be shown that (see Appendix A)
Changing the variables, such that x i = ρ i cos θ i and y i = ρ i sin θ i , and replacing θ 1 and θ 2 with the difference between them, θ , gives
Equation (7) may be integrated, with the help of the modified Bessel function (see Appendix B), to give the sum It is then possible to integrate equation (8) (see Appendix C) to give the sum
where
and
Equation (9) gives the probability that a spike in the first set of data has an amplitude greater than r 1 and that a spike which lies in the same frequency bin in the second set of data has an amplitude greater than r 2 . Substitution of equation (9) into equation (1) yields the probability of at least one pair of such spikes occurring by chance in N bins of the spectrum. Equation (9) converges as the number of terms, n, increases. We found that use of 20 terms gave accurate probability estimates. Simulations were performed, with pairs of randomly generated, complex Gaussian noise spectra having various α, which confirmed equation (9) gave the expected results.
Equation (9) contains three variables that need to be found from the data, namely α, k and σ 2 a . We now describe how to estimate the values. Let V 1 be the variance of the real part of the first spectrum defined by equation (2). Since x 1 is the sum of two Gaussian distributions it will have a zero mean, therefore the variance is given by the mean of x 2 1 :
Let V 2 be the variance of the real part of the second spectrum defined by equation (4). This is then given by
The variances may be estimated in practice by measurement of the mean power in each spectrum in the 100-μHz slice being searched. Additional information is provided by calculation of the mean crossamplitude (Elsworth et al. 1994) , over the same 100-μHz slice. The mean cross-amplitude of the two spectra, X 1,2 , is given by
Equations (12) 
Equation (15) may be substituted into equations (13) and (14) to give
From equation (17) it may be shown that
which may be substituted into equation (16) to give
The only unknown in equation (19) is now α. Equation (19) may be used to find a quartic in terms of α: (15) and (18) then yields estimates of σ 2 a and k, respectively. As an aside, we note that since α is found using an equation for the cross-amplitude it is possible to relate α to the coherency between the two spectra, Y 1,2 :
The coherency gives the proportion of the cross-amplitude spectrum that is due to coherent signal.
R E S U LT S O N C O N T E M P O R A N E O U S B I S O N A N D G O L F T I M E -S E R I E S
Observational data
The The GOLF data were processed in the manner described by García et al. (2005) . The processing gave two time-series sampled at different cadence. The nominal cadence on which the BiSON data are stored is 40 s. The corresponding cadence for the GOLF data is 20 s. Both time-series were rebinned to a common cadence of 120 s. The time-series therefore comprised 2211120 samples, giving a binwidth in the frequency domain of 3.77 nHz. The duty cycle of the BiSON time-series was 78.6 per cent; the duty cycle of the GOLF time-series was 93.4 per cent. The frequency spectra of the 120-s time-series were then searched for prominent spikes.
Searches for candidate modes: tests applied to data
We searched both spectra, in slices of 100 μHz, for the presence of prominent spikes, or prominent patterns of spikes, in the same frequency bin, or bins. The tests were based on those discussed in detail by Chaplin et al. (2002) . The tests as outlined in that paper involved searches for prominent spikes, or prominent patterns of spikes, in a single frequency-power spectrum. The power spectrum was searched because Chaplin et al. (2002) formulated the probability p (Section 2.2) in terms of the negative exponential statistics displayed by the noise background in power. For this paper the probability p was instead given by equation (9). This probability is based on a description of the complex noise in amplitude, and gives the probability that a spike in the same frequency bin in both the BiSON and GOLF frequency-amplitude spectra is greater than a certain threshold in amplitude. Hence, we searched the frequencyamplitude spectra. The calculation of values of p required estimates of the parameters α, k and σ 2 a locally in frequency. The parameters, and procedure, were described above, in Section 3. The procedure involved measurement of the variance of the amplitude in the BiSON and GOLF frequency spectra, and calculation of the BiSON-GOLF cross-amplitude spectrum. The upper panel of Fig. 1 shows estimates of the spectrum variances and the cross-amplitude, while the lower panel shows the coefficient α, which measures the proportion of common noise in the two sets.
Next, we give a brief description of each of the tests that were applied to the BiSON and GOLF data.
Test 1: This is a search for a prominent spike in the same frequency bin of each spectrum. We call this a 'pair of spikes'. Substitution of the observed amplitudes of the spikes into equation (9) yields an estimate for the joint probability p, which is the probability of both spikes appearing by chance in the same frequency bin of each spectrum. The probability, P, that this pair occurs by chance at least once over a range of N bins is then given by use of equation (1), which requires the calculated p as input.
Only those occurrences with P 1 per cent were recorded for further scrutiny. We adopted the same probability threshold for the other tests.
The next two tests admit the possibility that power from a mode may be spread over two, or more, consecutive bins. Power-law extrapolation to lower frequencies of the widths of modes between ∼1500 and ∼2000 μHz suggests that confinement of the majority of power within a single bin of a 3071-d spectrum is expected at mode frequencies below about ∼950 μHz (Chaplin et al. 2002) . Even if the peak is not resolved in frequency, its maximum amplitude may be diminished, and the majority of its amplitude divided between two consecutive bins, if the mode signal is not commensurate with the window function of the observations. We therefore also applied the 'bin-shifting' strategy of Chaplin et al. (2002) in an attempt to circumvent this problem. [An alternative strategy involves zero-padding the time-series; see, for example, Gabriel et al. (2002).] Test 2: This is a search for the presence of two prominent spikes in the same consecutive frequency bins of each spectrum. The amplitudes of the least prominent spikes in each spectrum are used in the calculation of p. The formula for P now differs from, and is more complicated than, the 'single-spike' equation (1). We used equation (13) of Chaplin et al. (2002) .
Test 3: This is a search for two or more pairs of spikes. Spikes constituting each pair must of course lie in the same frequency bin of each spectrum. But the bins occupied by different pairs may lie up to twice the predicted peak width apart. The power-law extrapolation, mentioned briefly above, was used to derive a look-up curve of the predicted width as a function of frequency. We used equation (12) of Chaplin et al. (2002) to determine estimates of P.
The final two tests look for patterns of prominent spikes, where those patterns mimic the patterns expected from the rotational splitting (with allowance made for the influence of magnetic fields). Only every other component of the non-radial modes is in principle detectable in the BiSON and GOLF Sun-as-a-star data. That is because the Sun-as-a-star observations have very poor sensitivity to the l + m odd components. The mean observed (synodic) separation between the l + m even components of high-S/N modes is about 0.8 μHz.
Test 4: This test is a search for two pairs of spikes. Spikes constituting each pair must of course lie in the same frequency bin of each spectrum. And bins occupied by different pairs must be separated by 0.8 ± 0.1 μHz. We used equation (C6) of Chaplin et al. (2002) to determine estimates of P. This test can reveal patterns of spikes that may be candidates for l = 1, 2 or 3 modes.
Test 5: This test is a search for three pairs of spikes. Spikes constituting each pair must of course lie in the same frequency bin of each spectrum. And bins occupied by different pairs must be separated by multiples of 0.8 ± 0.1 μHz. We used equation (C7) of Chaplin et al. (2002) to determine estimates of P. This test can reveal patterns of spikes that may be candidates for l = 2 or 3 modes. (The l = 1 modes would only reveal two visible components in the Sun-as-a-star data.)
The choice of the mean separation, and the choice of the allowable range in that separation (±0.1 μHz), was discussed at length in Chaplin et al. (2002) . In summary, the choices were predicated on assumptions that: (i) the rotational frequency splitting of very lowfrequency p modes would not differ significantly from the splitting measured in the high-S/N modes and (ii) departures from a uniform spacing (e.g. due to the influence of magnetic fields) would be no more severe than in the high-S/N modes. 
Results
We begin our discussion of the results by showing threshold amplitudes for P 1 per cent. The upper panel of Fig. 2 plots the absolute thresholds (in units of mm s −1 per root bin) for the BiSON data, as a function of frequency, for each of the five tests. By how much have these threshold amplitudes been reduced by making use of two contemporaneous data sets, as opposed to just one data set? The lower panel of Fig. 2 plots the percentage reduction in the threshold amplitudes, with respect to the amplitudes given by analysis of the BiSON data alone. Inspection of the plot reveals that use of two sets has reduced the threshold amplitudes by about 28 per cent on average. The percentage reduction is seen to be frequency dependent.
The percentage reduction in the threshold amplitudes is not far from the best case reduction, corresponding to α = 0. Then, there would be no common background noise in the two data sets. At a particular frequency, ν, the threshold amplitude in the BiSON spectrum is given by some value, s ν say, times the mean noise amplitude in the BiSON spectrum. At the same frequency the threshold amplitude in the GOLF spectrum is given by the mean noise amplitude times this same value, s ν . Therefore, when α = 0, the threshold amplitudes would both be reduced by a factor √ 2, implying a ∼29 per cent reduction in size. Fig. 3 shows visually locations in frequency where prominent spikes, or patterns of spikes, were recorded. We also mark other frequencies of interest. The plot is an echelle plot. The entire range that was searched has been split into strips of 135 μHz. The strips have then been placed one above another. We chose a repeat frequency of 135 μHz, rather than the 100-μHz slice on which searches were performed, because consecutive overtones of the low-l p modes are separated in frequency by about this amount. The black vertical lines mark locations of the frequencies predicted by the Saclay seismic model (Turck-Chièze et al. 2001) ; the choice of repeat frequency causes the black lines to be arranged in four near-vertical strips, one strip for each l.
The vertical dashed red lines mark locations in frequency that are overtones of the 11.57-μHz diurnal frequency. Artefacts may occasionally be expected to show up in the frequency spectrum because of window function (for the ground-based BiSON) or spacecraft operation (for the GOLF) signatures.
Locations in frequency where spikes, or patterns of spikes, were found in the same bin, or bins, of each spectrum at levels sufficient to record P 1 per cent are marked by the black symbols in the middle of each row. A different symbol has been used for each test (see figure legend) . We have also recorded prominent spikes or patterns of spikes found by searching either the BiSON (red symbols at top of each row) or GOLF (blue symbols at bottom of each row) spectrum alone.
Symbols surrounded by a green square mark prominent spikes or patterns of spikes that are listed in Table 1 . These occurrences all lie within ±0.5 μHz of the mode frequencies predicted by the Saclay seismic model (Turck-Chièze et al. 2001) . We have identified the occurrences with particular p-mode components on the basis of their placement in frequency, and by comparison with previous detections. In cases where the outer components of a rotationally split mode appear to have been uncovered, we have calculated the mean of those outer frequencies to give an estimate of the centroid frequency of the mode. Estimates of the uncertainties in frequency were calculated in the manner described by Chaplin et al. (2002) .
We find no new candidate detections. All listed candidates correspond to previously claimed detections of p modes (e.g. see Toutain et al. 1998; Bertello et al. 2000; García et al. 2001; Chaplin et al. 2002) . However, by searching for coincidences in contemporaneous data we have reduced the threshold amplitudes required to record occurrences with P 1 per cent by ∼29 per cent, compared to the single-spectrum case. Or, put in terms of power, the demands placed on the S/N in power have been reduced by ∼58 per cent.
We make three additional important points. First, it is apparent from Fig. 2 that the analysis uncovers several occurrences of P 1 per cent that lie well away from the predicted model frequencies. It is also interesting to note that while these occurrences do not sit precisely on the diurnal frequencies (vertical dashed red lines), the majority do lie fairly close to the diurnal frequencies.
Secondly, we demanded that prominent spikes, or prominent patterns of spikes, had P 1 per cent to merit further consideration as potential candidates for modes. This was in contrast to previous studies in the literature (e.g. Appourchaux et al. 2000; García et al. 2001; Chaplin et al. 2002; Gabriel et al. 2002) , which adopted a value of P 10 per cent. The change to a probability threshold of 1 per cent was agreed recently by the Phoebus consortium. We note that use of a 10 per cent threshold did not result in any further candidates being flagged. Figure 3 . Echelle plot, modulo 135 μHz, marking locations in frequency of occurrences uncovered by the test searches. Locations in frequency where spikes, or patterns of spikes, were found in the same bin, or bins, of each spectrum at levels sufficient to record P 1 per cent are marked by the black symbols in the middle of each row. A different symbol has been used for each test (see figure legend) . We have also recorded prominent spikes or patterns of spikes found by searching either the BiSON (red symbols at top of each row) or GOLF (blue symbols at bottom of each row) spectrum alone. Symbols surrounded by a green square represent the prominent occurrences listed in Table 1 Thirdly, it is evident from Table 1 and Fig. 3 that there are gaps in the list of candidate detections. The S/N is evidently low in this part of the spectrum, and destructive interferences with noise would be expected to hinder searches for the modes; but is the number of recorded candidates consistent with expectations based on estimates of the powers of the modes (e.g. from extrapolation to lower frequencies of the observed powers of the high-S/N modes)? Even though use of contemporaneous data reduced the threshold amplitudes needed to flag possible detections, we found no new modes. Is this a puzzle, or is the result expected given estimates of the likely power of these modes? A follow-up study is being conducted, from which we hope to obtain answers to these questions.
S U M M A RY
We have shown how to take advantage of contemporaneous data from two different instruments in the search for low-frequency modes of oscillation of the Sun. Use of contemporaneous data allows searches to be made for prominent, sharp concentrations of power which are coincident in frequency, and which are significantly above the local background noise. Occurrences of this type are potential candidate modes.
Crucial to determining objective measures of the joint probability of the random occurrence of such features is a good understanding of the characteristics of the background noise. In this paper we showed how to make proper allowance in the calculation of the probability for noise that is common to data from different instruments. This common noise is solar in origin, and comes from the solar granulation. The main part of the paper gave a derivation of the formula that is needed to compute the probability, and a recipe for how to calculate from the two data sets the observational parameters required as input to the formula.
We demonstrated application of the technique by searching two time-series of Sun-as-a-star Doppler velocity data for low-frequency p modes. The data comprised 3071 d of contemporaneous Sun-as-astar observations made by the ground-based BiSON, and the GOLF instrument onboard the ESA/NASA SOHO spacecraft. Both data sets were prepared for the Phoebus collaboration. Use of the two data sets, as opposed to just one, reduced by more than 50 per cent the S/N in power needed to flag potential mode candidates.
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A P P E N D I X A : D E R I VAT I O N O F E Q UAT I O N ( 5 )
The general expression for a probability density function is
where z is the number of variables. Our analysis uses two amplitude spectra that each has a real and imaginary part: so z = 4. X is the matrix of the variables given by
C is the coherency matrix given by the expectation values
1 ) E(x 1 y 1 ) E(x 1 x 2 ) E(x 1 y 2 ) E(y 1 x 1 ) E(y 2 1 ) E(y 1 x 2 ) E(y 1 y 2 ) E(x 2 x 1 ) E(x 2 y 1 ) E(x 2 2 ) E(x 2 y 2 ) E(y 2 x 1 ) E(y 2 y 1 ) E(y 2 x 2 ) E(y 
since a and b have Gaussian distributions. We find the other expectation values in a similar manner and substitute K = α [1 + k(1 − α) + α] and J = α 2 + [k(1 − α) + α] 2 so that C can be written as
It is possible to show that
These equations can then be substituted back into equation (A1) to give equation (6).
